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1
THREE-PHASE MAGNETICS ASSEMBLY

TECHNICAL FIELD

Aspects of the disclosure are related to electronic com-
ponents and 1n particular to inductor and transformer com-
ponents for three-phase power systems.

TECHNICAL BACKGROUND

Three-phase LLC power converters are commonly used in
a variety of systems including telecom systems, fast chargers
for electric vehicles, and other applications requiring high
power density and high efliciency.

These three-phase LLC power converters typically
include an inductor/transformer pair for each of the three
phases. Since these components must withstand large cur-
rents, they are commonly among the largest components
within the power converter, and also dissipate energy due to
core losses within these components.

OVERVIEW

In an embodiment, a three-phase magnetics assembly 1s
provided. The three-phase magnetics assembly includes a
plurality of windings, and a umfied core body having a
plurality of core legs which each extend 1n a direction of
central axes of the plurality of windings and around which
the plurality of windings are wound such that magnetic
fluxes are produced 1n the plurality of core legs when current
flows through the plurality of windings.

The plurality of windings comprise first, second, and third
phase inductors, and first, second, and third phase trans-
formers, which are positioned about the unified core body
such that the core legs of the first phase inductor and second
phase transformer share a central axis, the core legs of the
second phase inductor and third phase transformer share a
central axis, and the core legs of the third phase inductor and
first phase transformer share a central axis.

In another embodiment, a unified core body for a three-
phase magnetics assembly 1s provided. The unified core
body includes a plurality of core legs which each extend in
a direction of central axes of first, second, and third phase
inductors, and first, second, and third phase transformers,
cach having a first and second end, and each configured to
provide a magnetic core conducting magnetic flux for one of
the first, second, and third phase inductors, and the first,
second, and third phase transformers.

The unified core body also includes an inductor return leg,
configured to conduct magnetic flux between the first and
second ends of the core legs within the inductors, and a
transformer return leg, configured to conduct magnetic flux
between the first and second ends of the core legs within the
transformers.

In a further embodiment, a three-phase magnetics assem-
bly 1s provided. The three-phase magnetics assembly
includes a plurality of windings, a unified core body, an
inductor return leg, and a transformer return leg.

The unified core body has a plurality of core legs, each
having a first and second end, which each extend i a
direction of central axes of the plurality of windings and
around which the plurality of Windings are wound such that
magnetic fluxes are produced in the plurality of core legs
when current flows through the plurahty of windings,
wherein the plurality of windings comprise first, second, and
third phase inductors, and first, second, and third phase
transformers, which are positioned about the unified core
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2

body such that the core legs of the first phase imnductor and
second phase transformer share a central axis, the core legs
of the second phase inductor and third phase transformer
share a central axis, and the core legs of the third phase
inductor and first phase transformer share a central axis.
The inductor return leg 1s configured to conduct magnetic
flux between the first and second ends of the core legs within
the inductors, and the transformer return leg 1s configured to

conduct magnetic tlux between the first and second ends of
the core legs within the transformers.

BRIEF DESCRIPTION OF THE

DRAWINGS

Many aspects of the disclosure can be better understood
with reference to the following drawings. While several
implementations are described in connection with these
drawings, the disclosure 1s not limited to the implementa-
tions disclosed herein. On the contrary, the 1ntent 1s to cover
all alternatives, modifications, and equivalents.

FIGS. 1A, 1B, and 1C illustrate a unified core body for a
three-phase magnetics assembly.

FIGS. 2A and 2B illustrate a three-phase magnetics
assembly.

FIG. 3A 1llustrates a three-phase magnetics assembly.

FIG. 3B illustrates an exemplary winding within a three-
phase magnetics assembly.

FIG. 4 1llustrates an exemplary power converter circuit
incorporating a three-phase magnetics assembly.

FIG. 5A 1llustrates the relationship between inductor flux
and transformer tflux within an exemplary power supply
circuit icorporating a three-phase magnetics assembly.

FIG. 3B 1s a phase diagram illustrating the phase rela-
tionship between magnetic fluxes within each of the induc-
tors and transformers within an exemplary power supply
circuit icorporating a three-phase magnetics assembly.

FIG. 6 illustrates a three-phase magnetics assembly.

FIG. 7 illustrates magnetic fluxes within each of the
transformers and a common return leg within an exemplary
power supply circuit incorporating a three-phase magnetics
assembly.

DETAILED DESCRIPTION

The example embodiments described herein illustrate
different methods for constructing a three-phase magnetics
assembly 1ncluding a unified core body for use 1n a three-
phase power system.

FIGS. 1A, 1B, and 1C 1illustrate a unified core body 100
for a three-phase magnetics assembly. In these example
embodiments, a unified core body 100 is configured to
support three inductors and three transformers which are
formed by a plurality of windings. Unified core body 100
includes air gaps 110 which influence various parameters of
the inductors and transformers supported by the core body
100. Unified core body 100 also includes inductor return leg,
120 and transformer return leg 130.

Inductor return leg 120 provides a return path for mag-
netic flux from the three inductors. Transformer return leg
130 provides a return path for magnetic flux from the three
transformers.

In an example embodiment, unified core body 100 has a
plurality of core legs (here three are illustrated). Each core
leg has a first and second end, which each extend in a
direction of central axes of the plurality of windings and
around which the plurality of windings are wound such that
magnetic fluxes are produced in the plurality of core legs
when current flows through the plurality of windings.
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FIG. 1C 1illustrates a lower portion of the unified core
body 100 from FIGS. 1A and 1B. In this example embodi-
ment, legs 112, 114, and 116 provide support for, and act as
magnetic cores for three transformers which consist of
winding around each of legs 112, 114, and 116. A portion of
transformer return leg 118 i1s also illustrated. A similar
module 1s used to provide support for, and act as magnetic
cores for the three inductors, and would be positioned above
this module during manufacture.

FIGS. 2A and 2B illustrate a three-phase magnetics
assembly 200. In this example embodiment umfied core
body 210 has been populated with three transformers 212,
214, and 216, along with three inductors 202, 204, and 206.
FIG. 2B also illustrates inductor return leg 222 and trans-
former return leg 220.

FIG. 3 A illustrates a three-phase magnetics assembly 300.
In this example embodiment unified core body 310 has been
populated with three transformers 312, 314, and 316, along
with three inductors 302, 304, and 306. Here, primary
winding outlets 331-336 are 1llustrated as wires rising to the
top of magnetics assembly 300, and secondary winding
outlets 321-326 are 1llustrated as conductors flowing to the
bottom of magnetics assembly 300.

In this example embodiment, primary winding outlets
331, 333, and 335 are dot points indicating polarity of the
primary windings, and secondary winding outlets 321, 323,
and 325 are dot points indicating polarity of the secondary
windings.

FIG. 3B illustrates an exemplary winding within a three-
phase magnetics assembly. In this example embodiment, a
single winding 1s used to construct an inductor 350 and an
iner/primary core of a corresponding (same phase) trans-
former 340 around umfied core body 310. Notice that the
inductor 350 and transformer 340 are oflset from each other
on different core legs. This 1s done to reduce magnetic flux
within unified core body 310 and 1s discussed 1n detail below
with respect to FIGS. 4 and 5.

FIG. 4 illustrates an exemplary power converter circuit
incorporating a three-phase magnetics assembly 470. This
example embodiment illustrates a portion of a three-phase
half-bridge LLC circuit incorporating a three-phase magnet-
ics assembly 470. This 1s simply one example use of the
present invention, as three-phase magnetics assembly 470
may also be used in many other circuits such as full-bridge
configurations, other hali-bridge configurations, and the
like.

This example portion of a power converter circuit
includes mputs Vi+ 450 and Vi-452, input capacitor Cin 424
along with mput stage N-FETs 431-436. The power con-
verter also includes three-phase magnetics assembly 470
which incorporated inductors L1 401, L2 402, and L3 403,
along with transformers T1 411, 12 412, and T3 413. The
output stage includes N-FE'Ts 437-448, output capacitor Co
425 and outputs Vo+ 460 and Vo- 462. The example power
converter circuit also includes capacitors C1 421, C2 422,
and C3 423. While this example circuit uses N-FETs, other
example circuits may use P-FETs, or wide-band-gap parts
such as S1C FETs or GaN FETs.

In this example circuit, inductor L1 401 1s a first phase
inductor, and transtformer T1 411 1s a first phase transformer.
Inductor 1.2 402 1s a second phase inductor, and transformer
12 412 1s a second phase transformer. Inductor L3 403 1s a
third phase inductor, and transformer T3 413 1s a third phase
transformer. In typical designs these three phases are 120-
degrees of phase from each other.

Since the inductors and transformers support large cur-
rents, each contributes to some amount of core loss from the
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4

magnetic flux within their cores. In order to minimize this
core loss all three inductors and three transformers are
integrated together into three-phase magnetics assembly
4'70. A common inductor return leg 1s provided for the three
inductors, and a common transformer return leg 1s provided
for the three transformers, as illustrated in FIGS. 1B, 1C, and
2B. Magnetic flux from the three phases within the single
return legs acts to cancel each other out since the phases are
separated by 120-degrees, thus reducing core loss within

three-phase magnetics assembly 470.

In an example embodiment, magnetic flux from each of
the three inductors 1s sinusoidal and oflset by 120-degrees,
so that the combined magnetic flux from the three inductors
cancels 1tsell out to essentially zero. The magnetic flux 1n
cach transformer winding 1s triangular and oflset by 120-
degrees, so that the combined magnetic flux from the three
transformer phases act to cancel each other out, and reduce
the magnetic flux within the transformer return leg to 14 that
of the flux 1n each individual transformer leg. This cancel-
lation 1s illustrated i FIG. 7 and discussed 1n detail below.

FIG. 5A illustrates the relationship 300 between inductor
flux and transformer tlux within an exemplary power supply
circuit incorporating a three-phase magnetics assembly. In
an example embodiment, such as that illustrated 1n FIG. 4,
magnetic flux within the inductors 510 has a sinusoidal
shape, while magnetic flux within the transformers 512 has
a triangular shape. The transtformer magnetizing current lags
from the magnetizing current within 1ts corresponding
inductor as shown here. The two currents are oflset by a
phase offset of ¢ 514.

This relationship holds true for each of the three phases.
Since each phase 1s oflset by 120-degrees or 2m/3, a phase
diagram may be constructed for the fluxes within each of the
inductors and each of the transformers. FIG. 5B illustrates
such a phase diagram.

FIG. 5B i1s a phase diagram 520 illustrating the phase
relationship between magnetic fluxes within each of the
inductors and transformers within an exemplary power
supply circuit incorporating a three-phase magnetics assem-
bly. In this example, first phase inductor L1 flux 531 1s
shown as a reference at O phase oflset, each of the remaining
flux components from the remaining inductors and trans-
formers 1s 1llustrated with respect to thus phase vector. First
phase transformer T1 flux 541 i1s oflset from {first phase
inductor L1 flux 531 by m/2—¢. Second phase inductor 1.2
flux 532, second phase transformer T2 flux 542, third phase
inductor L3 flux 533, and third phase transformer T3 flux
543 are also 1llustrated on phase diagram 520.

Notice that the fluxes of first phase inductor L1 and
second phase transformer 12 are close to being 180-degrees
or t out of phase. This also holds true for second phase
inductor L2 and third phase transtormer T3, and for third
phase inductor L3 and first phase transformer T1. Because of
this phase relationship between the various inductors and
transformers, if opposing pairs of devices were to have core
legs sharing a central axis, the fluxes of the pair would
essentially cancel within the portion of the core between the
two devices, and greatly reduce core losses.

This pairing of the devices 1s illustrated in FIG. 6 and
discussed 1n detail below. Winding arrangements such as
that 1llustrated 1n FIG. 3B are used to accomplish this
pairing.

FIG. 6 illustrates a three-phase magnetics assembly 600.
In this example embodiment, unified core body 310 incor-
porates mductors 302, 304, and 306 in an inductor portion
610 of magnetics assembly 600. Unified core body 310 also
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incorporates transformers 312, 314, and 316 1n a transformer
portion of magnetics assembly 600.

Here, first phase inductor L1 302 1s vertically aligned with
and shares a core leg with second phase transformer T2 314.

6

wherein a winding direction of the first, second, and third
phase 1inductors 1s opposite a winding direction of the
first, second, and third phase transformers.

2. The three-phase magnetics assembly of claim 1,

Second phase inductor L2 304 is vertically aligned with and > wherein:

shares a core leg with third phase transtormer T3 316. Third
phase inductor L3 306 1s vertically aligned with and shares
a core leg with first phase transformer T1 312. This assembly
accomplishes the pairings discussed above with respect to
FIG. 5B, and allows the magnetic fluxes of the various
components to largely cancel each other out in the portion of
unified core body 310 between the mnductor portion 610 and

the transformer portion 620.

Note that the currents within inductors 302, 304, and 306
are opposite 1n direction to the currents within transformers
312, 314, and 316, allowing the respective tluxes to cancel
cach other out 1in the portion of unified core body 310
between the inductor portion 610 and the transformer por-
tion 620.

FIG. 7 illustrates magnetic fluxes within each of the
transformers and a common return leg within an exemplary
power supply circuit incorporating a three-phase magnetics
assembly. As discussed above with respect to FIG. 4, each
transformer has a magnetic flux with a triangular waveform
ofIset from each other by 120 degrees. Here the magnetic

ux within first phase transformer 11 1s shown 1n graph 710,
the magnetic flux within second phase transformer T2 1s
shown in graph 720, and the magnetic flux within third
phase transtormer T3 1s shown 1 graph 730.

When these three magnetic fluxes are combined within a
common return leg, the amplitude of the combined fluxes 1s
13 that of each individual transtormer with a frequency three
time that of the individual transformers. By combining the
magnetic fluxes from the three transformers mto a single
transformer return leg, the amplitude of the flux 1s reduced
by 24 and directly reduces core losses in the assembly.

The 1included descriptions and figures depict specific
embodiments to teach those skilled 1n the art how to make
and use the best mode. For the purpose of teaching inventive
principles, some conventional aspects have been simplified
or omitted. Those skilled in the art will appreciate variations
from these embodiments that fall within the scope of the
invention. Those skilled 1n the art will also appreciate that
the features described above may be combined 1n various
ways to form multiple embodiments. As a result, the inven-
tion 1s not limited to the specific embodiments described
above, but only by the claims and their equivalents.

What 1s claimed 1s:

1. A three-phase magnetics assembly comprising:

a plurality of windings; and

a unified core body having a plurality of core legs which
cach extend in a direction of central axes of the
plurality of windings and around which the plurality of
windings are wound such that magnetic fluxes are
produced in the plurality of core legs when current
flows through the plurality of windings;

wherein the plurality of windings comprise {irst, second,
and third phase inductors, and first, second, and third
phase transformers, which are positioned about the
unmified core body such that the core legs of the first
phase inductor and second phase transformer share a
central axis, the core legs of the second phase inductor
and third phase transformer share a central axis, and the
core legs of the third phase inductor and first phase
transformer share a central axis; and
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a {irst one of the plurality of windings comprises the first
phase inductor and a primary coil of the first phase
transformer;

a second one of the plurality of windings comprises the
second phase inductor and a primary coil of the second
phase transformer; and

a third one of the plurality of windings comprises the third
phase inductor and a primary coil of the third phase
transformer.

3. The three-phase magnetics assembly of claim 1,

wherein each of the core legs includes an air gap.

4. The three-phase magnetics assembly of claim 1, further
comprising;

an inductor return leg, configured to conduct magnetic
flux between first and second ends of the core legs
within the inductors; and

a transformer return leg, configured to conduct magnetic
flux between first and second ends of the core legs
within the transformers.

5. The three-phase magnetics assembly of claim 4,
wherein currents within the inductors are sinusoidal and
magnetic fluxes from each of the three inductors cancel each
other within the inductor return leg.

6. The three-phase magnetics assembly of claim 4,
wherein currents within the transformers are triangular and
magnetic fluxes from each of the three transformers partially
cancel each other within the transformer return leg.

7. A unified core body for a three-phase magnetics assem-
bly comprising:

a plurality of core legs which each extend 1n a direction
of central axes of first, second, and third phase induc-
tors, and first, second, and third phase transformers,
cach having a first and second end, and each configured
to provide a magnetic core conducting magnetic flux
for one of the first, second, and third phase inductors,
and the first, second, and third phase transformers;

a single imductor return leg, configured to conduct mag-
netic flux between the first and second ends of the core
legs within the inductors; and

a single transformer return leg, configured to conduct
magnetic flux between the first and second ends of the
core legs within the transformersi

wherein a winding direction of the first, second, and third
phase 1inductors 1s opposite a winding direction of the
first, second, and third phase transformers.

8. The unified core body for a three-phase magnetics
assembly of claim 7, wherein currents within the inductors
are sinusoidal and magnetic fluxes from each of the three
inductors cancel each other within the inductor return leg.

9. The umfied core body for a three-phase magnetics
assembly of claim 7, wherein currents within the transform-
ers are triangular and magnetic fluxes from each of the three
transformers partially cancel each other within the trans-
former return leg.

10. The umfied core body for a three-phase magnetics
assembly of claim 7, wherein the first, second, and third
phase inductors and {first, second, and third phase transform-
ers are positioned about the unified core body such that the
core legs of the first phase inductor and second phase
transformer share a central axis, the core legs of the second
phase inductor and third phase transformer share a central
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axis, and the core legs of the third phase inductor and first
phase transformer share a central axis.

11. The unified core body for a three-phase magnetics
assembly of claim 10, wherein:

the first phase inductor and a primary coil of the first

phase transformer comprise a single winding;

the second phase inductor and a primary coil of the second

phase transformer comprise a single winding; and

the third phase inductor and a primary coil of the third

phase transformer comprise a single winding.

12. The unified core body for a three-phase magnetics
assembly of claim 7, wherein each of the core legs includes
an air gap.

13. A three-phase magnetics assembly comprising:

a plurality of windings;

a unified core body having a plurality of core legs, each

having a first and second end, which each extend 1n a
direction of central axes of the plurality of windings

10

15

and around which the plurality of windings are wound »g

such that magnetic fluxes are produced 1n the plurality
of core legs when current flows through the plurality of
windings, wherein the plurality of windings comprise
first, second, and third phase inductors, and first, sec-

ond, and third phase transformers, which are positioned 35

about the unified core body such that the core legs of
the first phase inductor and second phase transformer
share a central axis, the core legs of the second phase
inductor and third phase transformer share a central
axis, and the core legs of the third phase inductor and
first phase transformer share a central axis;

8

an inductor return leg, configured to conduct magnetic
flux between the first and second ends of the core legs
within the inductors; and

a transformer return leg, configured to conduct magnetic
flux between the first and second ends of the core legs
within the transformers;

wherein a winding direction of the first, second, and third
phase inductors 1s opposite a winding direction of the
first, second, and third phase transformers.

14. The three-phase magnetics assembly of claim 13,

wherein:

a {irst one of the plurality of windings comprises the first
phase inductor and a primary coil of the first phase
transformer:;

a second one of the plurality of windings comprises the
second phase inductor and a primary coil of the second
phase transformer; and

a third one of the plurality of windings comprises the third
phase inductor and a primary coil of the third phase
transformer.

15. The three-phase magnetics assembly of claim 13,

wherein each of the core legs includes an air gap.

16. The three-phase magnetics assembly of claim 13,
wherein currents within the inductors are sinusoidal and
magnetic fluxes from each of the three inductors cancel each
other within the inductor return leg.

17. The three-phase magnetics assembly of claim 13,
wherein currents within the transformers are triangular and
magnetic fluxes from each of the three transformers partially
cancel each other within the transformer return leg.
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